(YR*Y) or of two purine and one pyrimidine strand (YR*R). Second, triplexes can be built from RNA or DNA chains or their combinations. Third, triplexes can be formed within a single polymer molecule (intramolecular triplexes) by different polynucleotides (intermolecular triplexes). Finally, for special DNA sequences consisting of clustered purines and pyrimidines in the same strand, triplex formation may occur by a strand-switch mechanism (alternate strand triplexes). Figure 1 summarizes numerous possible structures of triplehelical nucleic acids. The building blocks of YR*Y triplexes are the canonical CG*C and TA*T triads shown in Figure 2 . To form such triads, the third strand must be located in the major groove of the double helix that is forming Hoogsteen hydrogen bonds (24) with the purine strand of the duplex. The remarkable isomorphism of both canonical triads makes it possible to form a regular triple helix. This limits YR*Y triplexes to homopurine-homopyrimidine sequences in DNA. An important feature of the YR*Y triplexes is that formation of the CG*C triad requires the protonation of the N3 of cytosine in the third strand. Thus, such triplexes are favorable under acidic conditions (3, 4) . By contrast, the YR*R triplexes usually do not require protonation (see below).
The mutual orientation of the chemically homologous strands in a triplex Annual Reviews www.annualreviews.org/aronline (i.e. two pyrimidine strands in the YR*Y triplex or the two purine strands in the YR*R triplex), which a priori can be either parallel or antiparallel, is of paramount importance. The discovery of H-and *H-DNA (see below) indicated that both YR*Y and YR*R triplexes form as antiparallel structures (9, 25) . A thorough investigation of intermolecular triplexes by different methods unambiguously demonstrated that both YR*Y and YR*R triplexes are stably formed only as antiparallel structures. The most direct data were obtained by cleaving target DNA with homopyrimidine or homopurine oligonucleotides attached to FeoEDTA (11, 26) . The observed pairing and orientation rules rigorously determine the sequence of the triplex-forming homopyrimidine strand. YR*R triplexes are more versatile than YR*Y triplexes. Originally it was believed that they must be built from CG*G and TA*A triads (6, 25, 27) . Later work showed, however, that TA*T triad may also be incorporated into the otherwise YR*R triplex. Moreover, the stability of triplexes consisting of alternating CG*G and TA*T triads is higher than that of triplexes built of CG*G and TA*A triads (26) . Thus, the term YR*R triplex, though routinely used in literature, is misleading with regard to the chemical nature of the third strand. The corresponding triads are presented in Figure 3 . One can see that they are not strictly isomorphous, as was the case for YR*Y triads. Another notable difference between two triplex types is that reverse Hoogsteen basepairs are needed to form reasonable stacking interactions among CG*G, TA*A, and TA*T triads (26) .
Whereas in YR*Y triplexes the sequence of the third strand is fully determined by the sequence of the duplex, the situation is different for YR*R triplexes. Here the third strand may consist of three bases, G, A, and T, where Figure 3 Base triads of YR*R triplexes: CG*G, TA*A, TA*T. and CG*A ÷, the guanines oppose guanines in the duplex, while adenines or thymines must oppose adenines of the duplex. A protonated CG*A ÷ triad ( Figure 3 ) forms that A in the third strand may also oppose G in the duplex at acidic pH (28) . Another novel feature of YR*R triplexes is that their stability depends dramatically on the presence of bivalent metal cations (reviewed in 20) . Unlike the case of YR*Y triplexes, where the requirement for H ÷ ions has an obvious reason, the metal dependence of YR*R triplexes is an obscure function of the particular metal ion and the triplex sequence (29) . Possible structural reasons for selectivity of bivalent cations in stabilization of YR*R triplexes are discussed in Ref. 30 .
Despite these differences, the YR*R triplexes are similar to YR*Y triplexes in their most fundamental features: (a) The duplex involved in triplex formation must have a homopurine sequence in one strand, and (b) the orientation of the two chemically homologous strands is antiparallel.
One can easily imagine numerous "geometrical" ways to form a triplex, and those that have been studied experimentally are shown in Figure 1 . The canonical intermolecular triplex consists of either three independent oligonucleotide chains (3, 4) ( Figure 1A, F) or of a long DNA duplex carrying homopurine-homopyrimidine insert and the corresponding oligonucleotide (10--12) . In any case, triplex formation strongly depends on the oligonucleotide(s) concentration.
A single DNA chain may also fold into a triplex connected by two loops ( Figure 1B , G). To comply with the sequence and polarity requirements for triplex formation, such a DNA strand must have a peculiar sequence: It contains a mirror repeat (homopyrimidine for YR*Y triplexes and homopurine for YR*R triplexes) flanked by a sequence complementary to one half of this repeat (31) . Such DNA sequences fold into triplex configuration much more readily than do the corresponding intermolecular triplexes, because all triplexforming segments are brought together within the same molecule (31) (32) (33) .
There is also a family of triplexes built from a single strand and a hairpin. Two types of arrangements are possible for such structures (34, 35) : (a) canonical hairpin, formed by two self-complementary DNA segments, is involved in Hoogsteen hydrogen bonding with a single strand ( Figure 1C, H) , and (b) a "hairpin" containing a homopurine (for YR*R) or homopyrimidine (for YR*Y) mirror repeat is involved in both Watson-Crick and Hoogsteen basepair formation in a triplex ( Figure 1D,/) . A peculiar modification of this scheme was described in Refs. 36 and 37, where a short circular oligonucleotide could be used for triplex formation instead of a hairpin ( Figure 1E , J). Such a triplex-forming oligonucleotide is of particular interest for DNA targeting in vivo (see below), since circular oligonucleotides are not substrates for degradation by exonucleases.
The structures in Figure 1 are intentionally ambiguous with regard to the 5' and 3' ends of polynucleotide chains. In fact, all these structures may exist as two chemically distinct isoforms differing in relative chain polarity. The comparative stability of the two isoforms is poorly known. Very recent data presented in Refs. 38 and 39 indicate that their free energies may differ by 1.5-2.0 kcal/mol and may depend on the loop sequence. The two isoforms may also differ topologically (see below).
So far, we have considered triplexes with their duplex part consisting of purely homopurine and homopyrimidine strands (the influence of individual mismatched triads is discussed below). It has become clear recently, however, that both sequence requirements and chain polarity rules for triplex formation can be met by DNA target sequences built of clusters of purines and pyrimidines (40) (41) (42) (43) ) (see Figure 1K -M). The third strand consists of adjacent homopurine and homopyrimidine blocks forming Hoogsteen hydrogen bonds with purines on alternate strands of the target duplex, and this strand switch Annual Reviews www.annualreviews.org/aronline preserves the proper chain polarity. These structures, called alternate-strand triplexes, have been experimentally observed as both intra-(42) (Figure and intermolecular (41, 43) (Figure 1K , L) triplexes. These results increase the number of potential targets for triplex formation in natural DNAs somewhat by adding sequences composed of purine and pyrimidine clusters, although arbitrary sequences are still not targetable because strand switching is energetically unfavorable. Preliminary estimates give the minimal length of a cluster in an alternate-strand triplex as between 4 and 8 (44) . A peculiar feature of alternate-strand triplexes is that two different sequences of the third strand fulfill the requirements for triplex formation for a single duplex target ( Figure 1K, L) . For a few studied targets, the efficiency of triplex formation by the two variants was quite different. Strand switching in the direction 3'-Rn-Yn-5' along the third strand was more favorable than 3'-YnRn-5' (44) .
Hybrid triplexes consisting of both DNA and RNA chain are less studied and only for YR*Y triplexes. Eight combinations of RNA and DNA chains within a triplex are possible in principle, and the relative stability of each was studied (45) (46) (47) . The results from different groups differ substantially, for reasons that are yet to be understood. (Though they may be attributed to differences in sequences and/or the ambient conditions.) However, all these studies show consistently that triplexes are more stable when DNA represents the central homopurine strand than when RNA does. Affinity cleavage data also indicate that the orientation of chemically homologous chains in hybrid triplexes is antiparallel.
Fine Structure of DNA Triplexes
The structural features of DNA triplexes have been studied using such diverse techniques as chemical and enzymatic probing, affinity cleavage, and electrophoresis, all of which have provided insight into the overall structure of triplexes: (a) The third strand lies in the major groove of the duplex, as deduced from the guanine N7 methylation protection (48, 49) ; (b) the orientation of the third strand is antiparallel to the chemically homologous strand of the duplex (11, 26) ; and (c) the duplex within the triplex is noticeably unwound relative to the canonical B-DNA (12) . However, the fine structure of triplexes could not be elucidated at atomic resolution without more direct structural methods based on X-ray diffraction and NMR.
The first attempt to deduce the atomic structure of a poly(dT)opoly(dA)o poly(dT) triplex using X-ray fiber diffraction was performed in 1974 (50) . important parameters of the triple helix, an axial rise equal to 3.26 A and a helical twist of 30°, were directly determined from the fiber diffraction patterns. However, in an attempt to fit experimental data with atomic models, the Annual Reviews www.annualreviews.org/aronline and infrared spectroscopy (52) convincingly demonstrated that the sugar pucker in all three strands within the triplex is of the S-type (a characteristic for B-DNA rather than A-DNA). It appeared that a B-like structure could nicely explain the original fiber diffraction data (Table 1) . Moreover, this structure is stereochemically more favorable than is the original (53) .
Further sophisticated NMR studies have examined inter-and intramolecular triplexes of both YR*Y and YR*R types. This data unambiguously supported the major features of the YR*Y triplexes discussed above: (a) a requirement for cytosine protonation (54) (55) (56) ; (b) Hoogsteen basepairing of the third strand (32, 57) ; and (c) antiparallel orientation of the two pyrimidine strands (32, The atomic structure of the triple helix, summarized in Table 1 , was also determined (51, 58) . The values of all major parameters determined by NMR are very close to those determined by fiber diffraction (53) . Most significantly, the deoxyribose conformation of all strands in the triplex corresponds to an S-type (C2'-endo) pucker (51) . It is clear from Table 1 that the duplex within the triplex adopts a B-like configuration; the helical twist in the triplex, however, is significantly smaller than that for B-DNA.
NMR studies of the YR*R triplexes (33, 59) showed that their overall structure is similar to that of YR*Y triplexes. The important difference, however, is that reverse Hoogsteen basepairing of the third strand (as in Figure 3 ) was convincingly demonstrated. The helical parameters presented in Table 1 are close to those of YR*Y triplexes and suggest the formation of an unwound B-like structure. A peculiar feature of the YR*R triplexes consisting of CG*G and TA*T triads is the concerted changes in the axial rise and helical twist along the helix axis (60) . This was attributed to the lack of isomorphism between CG*G and TA*T triads, discussed above. Annual Reviews www.annualreviews.org/aronline
H Form
Although the canonical Watson-Crick double helix is the most stable DNA conformation for an arbitrary sequence under usual conditions, some sequences within duplex DNA are capable of adopting structures quitedifferent from the canonical B form under negatively superhelical stress (reviewed in 61). One of these structures, the H form, includes a triplex as its major structural element (Figure 4) . Actually, there is an entire family of H-like structures (see 20 a comprehensive review).
The term "H form" was proposed in a study of a cloned sequence from a spacer between the histone genes of sea urchin (62) . It contained a d(GA)~6 stretch hypersensitive to S 1 nuclease. Such Sl-hypersensitive sites had been anticipated previously to adopt an unusual structure (63, 64) , and numerous hypotheses had been discussed in the literature (63, (65) (66) (67) (68) (69) (70) (71) . Using 2-D gel electrophoresis of DNA topoisomers (see 20) , a structural transition was demonstrated without enzymatic or chemical modification (62) . The pH dependency of the transition was remarkable: At acidic pH the transition occurs under low torsional tension, while at neutral pH it is almost undetectable. Because pH dependence had never been observed before for non-B-DNA conformations (cruciforms, Z-DNA, bent DNA, etc), the investigators coneluded that a novel DNA conformation was formed. The structure was called the H form because it was clearly stabilized by hydrogen ions, i.e. it was a protonated structure.
The H form model proposed in Ref. 8 ( Figure 4A ) consists of an intramolecular triple helix formed by the pyrimidine strand and half of the purine strand, leaving the other half of the purine strand single stranded. As Figure  4A shows, this structure is topologically equivalent to unwound DNA. Two isoforms of H form are possible: one single stranded in the 5' part of the purine strand and the other single stranded in the 3' part. The existence of singlestranded purine stretches in H-DNA explains its hyperreactivity to S 1 nuclease. Canonical TA*T and CG*C ÷ base triads stabilize the triple helix ( Figure 2 ). The protonation of cytosines is crucial for the formation of CGC ÷ base triads, which explains the pH dependency of the structural transition.
The H-DNA model predicts that a homopurine-homopyrimidine sequence must be a mirror repeat to form H-DNA. It was convincingly demonstrated in Ref. 9 that mirror repeats indeed adopt the H form, while even single-base violations of the mirror symmetry significantly destabilize the structure. Chemical probing of H-DNA using conformation-specific DNA probes (reviewed in 72) provided final proof of the H-form model (25, 48, 49, (73) (74) (75) (76) . Notably, these studies revealed that different sequences preferentially adopt only one of the two possible isomeric forms of H-DNA, the one in which the 5' part of the purine strand is unstructured. Annual Reviews www.annualreviews.org/aronline TRIPLEX DNA 75 
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The structural features responsible for the difference between the two isoforms have been identified in Ref. 77 . The isoform with the 3' half of the pyrimidine strand donated to the triplex (designated H-y3) is preferentially formed at physiological superhelical densities. In this isoform, the 5' portion of the purine strand is single stranded, and its formation is consistent with the chemical probing results described above. The other isoform (in which the 5' half of the pyrimidine strand is donated to the trlplex~esignated I-I-yS) was only observed at low superhelical density. Topological modeling of H-DNA formation showed that the formation of the H-y3 isoform releases one extra supercoil relative to the H-y5 isoform. This explains why H-y3 is favorable at high superhelical density. Recent studies show that the mechanisms underlying preferential isomerization into the H-y3 conformation are more complex. Apparently, the presence of bivalent cations can make the H-y5 isoform preferable (78) . What is more surprising, the loop sequence plays an important role determining the direction of isomerization (79, 80) . Systematic studies factors contributing to isomerization are yet to be done.
H-DNA Menagerie
As for intermolecular triplexes, a menagerie of H-DNA-like structures exists (reviewed in 20). First, intramolecular YR*R triplex, called *H-DNA, was described in Refs. 25 and 81 ( Figure 4B ). This structure is also topologically equivalent to the unwound DNA and requires DNA supercoiling (82) . As intermolecular YR*R triplexes, A can be replaced with T (83) and, at acidic pH, G can be replaced with A (28) in the third strand of *H-DNA. Thus, the sequences adopting the *H form are not necessarily mirror repeated and not even necessarily homopurine-homopyrimidine (see 20 for comprehensive review).
Two isoforms of *H-DNA are possible, designated H-r3 and H-r5 according to which half of the homopurine strand is donated to the triplex ( Figure 4B ). Chemical probing with single-stranded, DNA-specific agents showed that H-r3 isoform is dominant.
As for all YR*R triplexes, the mechanisms of *H-DNA dependence on bivalent cations are unclear. Cation requirements are different for different sequences (20, 25, 27, 81, (84) (85) (86) (87) . For example, while *H-DNA formed d(G)n'd(C)n sequences is stabilized by 2+, Mg 2+, and Mn 2+, th e same structure formed by d(GA)n°d(TC)n is formed in the presence of 2+, Mn 2+, Cd 2÷, and Co 2+. The differences in cation requirements are due to variations in neighboring triads or changes in the GC content or both. Even moderate changes in GC content (from 75% to 63%) switched cation requirement from Mg 2÷ to Zn 2+ for a particular sequence (22) . A Mg2+-to-Zn 2+ switch was reported to affect the equilibrium between H-r5 and H-r3 isoforms (86) or substantially modify the *H-structure (87). Annual Reviews www.annualreviews.org/aronline A hybrid of H and *H forms was described, called nodule DNA (88, 89) ( Figure 4C ). Nodule DNA is an analog of the intermolecular alternate-strand triplexes described above.
A peculiar H-like structure formed by two distant homopurine-homopyrimidine tracts was described in Ref. 90 . It is in a way similar to an early model for S1 hypersensitivity in the human thyroglobulin gene (69) . It was found that linear DNA containing both tracts at pH 4.0 and in the presence of sperrnidine migrates very slowly in an agarose gel. This abnormal electrophoretic mobility was attributed to the formation of a so-called tethered loop ( Figure 4D ). In this structure, the homopyrimidine strand of one stretch forms a triplex with a distant stretch, while its complementary homopurine strand remains single stranded. Supporting this model, it was found that the addition of excess homologous homopyrimidine, but not homopurine, single-stranded DNA prevented loop formation. Though the mechanism of tethered loop formation is not self-evident, it is allowed topologically. Chemical probing is required to prove the existence of this structure definitively.
Specificity of Triplex Formation
The specificity and stringency of triplex formation (35) has attracted serous attention for two reasons. First, the formation of triplexes is limited to the homopurine-homopyrimidine sequences or to sequences composed of adjacent oligopurine/oligopyrimidine clusters. This major limitation to the biological and theurapeutic applications of triple-helical DNAs prompted an extensive search for DNA bases that could be incorporated into the third strand of a triplex in order to recognize thymines or cytosines in the otherwise homopurine strand of the duplex. Secondly, accurate knowledge of the specificity of thirdstrand recognition for perfect homopurine-homopydmidine sequences is necessary in order to target natural DNAs.
The quest for such knowledge stimulated the study of non-orthodox triads. So far most of the data have been collected for YR*Y triplexes, including all 14 noncanonical triads (other than CG*C and TA*T). One approach was analyze the influence of mismatched triads on H-DNA formation using 2-D gel electrophoresis (91) . Stability of mismatched triads in intermolecular triplexes was studied using affinity cleavage (92) , melting experiments (93, 94) , and NMR (95) . These studies agreed that although single mismatches could be somewhat tolerated, each mismatch significantly disfavored triplex. The mismatch energies were within the range of 3-6 kcal/mol, i.e. similar to the cost of B-DNA mismatches. Thus, homopyrimidine oligonucleotides form triplexes with target sequences at a specificity comparable to that seen in Watson-Crick complementary recognition.
High sequence specificity of third-strand recognition of homopurine-homopyrimidine sequences in the duplex makes TFOs very attractive candidates for Annual Reviews www.annualreviews.org/aronline targeting genomic DNA. Supporting this conclusion, homopyrimidine TFOs equipped with FeoEDTA have been demonstrated to cleave unique sites in yeast (96, 97) and human (98) chromosomes. They were also found to convenient tools for affinity capture of human genomic targets (99).
However, studies widely disagreed on the relative stability of individual noncanonical triads. For example, the AT*G triplet was shown to be the most favorable in studies of intermolecular triplexes (92, 93) , but it is not among the best for H-DNA (91) . This contradiction could be due to the different triplex-forming sequences studied by different groups, since heterogeneity in stacking interactions within a triple helix must seriously affect its stability. This idea was recently supported by NMR studies of the AT*G triad (58, 100). It was found that guanine in this triplet is tilted out of the plane of its target AT basepair to avoid a steric clash with the thymine methyl group. This causes a favorable stacking interaction between this guanine and the thymine flanking it from the 5'-side, which is likely to be a major determinant of AT*G triplet stability. This also explains the differences between the inter-and intramolecular triplex studies: In the first case, guanine was flanked by thymine on the 5' end (92) , while in the second case, it was flanked by a cytosine (91) . Thus, the favorable stacking interaction was absent in the intramolecular triplex, and the AT*G triad was relatively unstable. Recently, it was shown directly that replacement of the TA*T triad on the 5' side of guanine with a CG*C triad reduces the stability of TA*G triplet (101). The clear message from these results is that the influence of nearest neighbors on triad stability must be studied to better understand the duplex-to-triplex transition. This doughty goal is not yet achieved.
Notwithstanding the difficulties discussed above, empirical rules for targeting imperfect homopurine-homopyrimidine sequences were suggested in Ref. 102 . If the homopurine strand of a duplex is interrupted by a thymine or cytosine, it must be matched by a guanine or thymine, respectively, in the third strand. However, this expansion of the third-strand recognition code is premature, as was recently addressed (103). The GC*T triad, though reasonably stable, is dramatically weaker than the canonical TA*T triad. Thus, a TFO containing a thymine, intended to interact with a cytosine in the target, would bind significantly better to a different target containing adenine in the corresponding position. In the AT*G case, the triad specificity is high, but the affinity of the G for the TA pair is only modest.
Another approach to overcoming the homopurine-homopyrimidine target requirements is to incorporate artificial DNA bases within the third strand. Several studies found that non-natural bases, such as 2'-deoxynebularine or 2'-deoxyformycin A and others, may form very stable triads with cytosines and thymines intervening the homopurine strand (94, 104, 105) . It is yet to seen if the specificity and stringency of such complexes is sufficient. Annual Reviews www.annualreviews.org/aronline Limited data are available on the mismatched triads in YR*R triplexes. By use of affinity cleavage experiments, all 13 noncanonical triplets (all combinations except CG*G, TA*A, and TA*T) were shown to disfavor triplex formation (106). The only notable exception is the CG*A triad, which favorable under acidic pH due to the protonation of its adenine (28) . Much with homopyrimidine TFOs, purine-dch TFOs can be used specifically to target homopurine-homopyrimidine sequences in natural DNAs.
Stabilization of Triplexes
The stabilization of DNA triplexes is particularly important for any possible biological applications. As discussed above, the YR*Y triplexes are formed under acidic pH, while YR*R triplexes require millimolar concentrations of bivalent cations. Physiological pH, however, is neutral, and a high concentration of unbound bivalent cations in a cell is unlikely. Thus, numerous studies have been aimed at the stabilization of DNA triplexes at physiological conditions.
Most of the YR*Y triplexes studies have been concentrated on overcoming pH dependency. The most promising results show that polyamines, specifically spermine and spermidine, favor both inter-and intramolecular YR*Y triplexes under physiological pH (11, 107, 108) . The stabilizing effect is likely due decreased repulsion between the phosphate backbones after binding to polyamines, overcoming the relatively high density of a negative charge in triplexes. The millimolar polyamine concentrations found in the nuclei of eukaryotic cells (reviewed in 109) raise the hope for triplexes in vivo.
The requirement for cytosine protonation could be overcome by several chemical means. The incorporation of 5-methylcytosines instead of cytosines in TFOs increases the stability of YR*Y triplexes at physiological pH (110, 111), but more detailed study found that this effect is relatively small (the apparent methylation-induced ApI~ is only 0.5) (112). Another solution is substitute cytosines in the third strand with non-natural bases that do not require protonation for Hoogsteen hydrogen bond formation. Indeed the substitution of cytosines with Nr-methyl-8-oxo-2-deoxyadenosines (113), pseudoisocytidines (114), 7,8 dihydro-8-oxoadenines (115), or 3-methyl-5-amino-lH pyrazolo [4.3-d] pyrimidin-7-ones (116) led to pH-independent triplex formation.
Intermolecular triplexes could be additionally stabilized if the third strand represented an oligodeoxynucleotide-intercalator conjugate. This was first demonstrated for a homopyrimidine oligonucleotide linked with an acridine derivative (10) and later shown for other oligonucleotides and intercalators (117) (118) (119) . The stabilization is due to the intercalation of a ligand into DNA at the duplex-triplex junction. For reasons that are yet unclear, the most stable complex is formed when the intercalator is attached to the 5' end of the TFO. Annual Reviews www.annualreviews.org/aronline Particularly promising for gene targeting is an oligonucleotide-psoralen conjugate, as near-UV irradiation of a triplex formed by such a conjugate leads to crosslink formation, making the triplex irreversible (120) .
An independent line of research has sought for triplex-specific ligands. One such ligand, a derivative of benzo[e]pyridoindole (BePI), has been described in Refs. 121 and 122. BePI shows preferential intercalation into a triple-rather than double-helical DNA, thus greatly stabilizing triplexes (122) . Another promising triplex-binding ligand is coralyne (123) .
It should be emphasized that, to be prospective drugs for gene targeting, TFOs must meet two requirements: They must bind their targets relatively strongly and not target other sequences. If a TFO has very strong affinity to its target, it can also bind to a site with one or even more mismatches. This should be especially true for non-sequence-specific stabilization of triplexes with intercalating drugs attached to TFOs. Therefore, increased stability inevitably entails decreased selectivity of the TFO. It is not at all accidental that the spectacular demonstration of sequence-selective cutting of genomic DNA with TFOs was achieved under conditions of extremely weak binding of the TFO to its target site (96) (97) (98) . Systematic experimental study of sequence selectivity of all modified TFOs mentioned above is still lacking. However, it is obvious that these modified TFOs should exhibit poorer selectivity than do the original TFOs.
The stabilization of intramolecular triplexes could be achieved in several ways, the most obvious of which is to increase the negative superhelical density, since the formation of H-DNA releases torsional stress. As is discussed below, the increase of negative supereoiling does provoke triplex formation in vivo. The polyamine stabilization of H-DNA at physiological pH has already been mentioned.
A less obvious way of stabilizing H-DNA, called kinetic trapping, was described (124) . It was found that oligonucleotides complementary to the single-stranded homopurine stretch in H-DNA stabilized H-DNA under neutral pH, where H-DNA alone rapidly reverts to the B conformation.
Peptide Nucleic Acid (PNA)
PNA is the prototype of an entire new class of TFO-based drugs that interact with DNA in a manner unlike that of ordinary TFOs. PNA ( Figure 5A ) was designed in the hope that such an oligonucleotide analog containing normal DNA bases with a polyamide (i.e. proteinlike) uncharged backbone would form triplexes with double-stranded DNA (dsDNA) much more efficiently than do the regular TFOs (14) .
Instead of forming triplexes with duplex DNA, the first studied homothymine PNA oligomer, PNA-T~0, opened the DNA duplex in Ad'l'n tracts, forming an exceptionally strong complex with the A strand and displacing the T strand These results strongly suggest an unusual mode of binding between the synthetic analog and dsDNA. Namely, two homopyrimidine PNA molecules displace the duplex DNA pyrimidine strand and form a triplex with the purine strand of DNA (15, 16, 130, 131) . These complexes are called the P-loops ( Figure 5B) .
The P-loop is a radically different complex than that formed between duplex DNA and ordinary TFOs. Although the fact of (PNA)2/DNA triplex formation during the strand-displacement reaction has been convincingly proven (16, 130, 131) , the mechanism of P-loop formation remains to be elucidated. The available data indicate that the reaction most probably proceeds via a shortlived intermediate, which consists of one PNA molecule complexing with, the complementary DNA strand via Watson-Crick pairing. This ~ntermedlate ~s formed due to thermal fluctuations (breathing) of the DNA duplex (132, 133) . It is very unstable and would dissociate if it were not fixed by the second PNA oligomer in a (PNA)2/DNA triplex leading to P-loop formation (see Figure  5B ). This triplex is remarkably stable.
PNA forms much more stable complexes with dsDNA than do regular oligonucleotides. This makes PNA very promising as an agent for sequencespecific cutting of duplex DNA (16) , for use in electron-microscopy mapping of dsDNA (15), and as a potential antigene drug (134, 135), as PNA Annual Reviews www.annualreviews.org/aronline remarkably stable in biological fluids in which normal peptides and oligonucleotides are quickly degraded (136) .
However, serious limitations for various applications of PNA still remain. P-loop formation proceeds through a significant kinetic barrier and strongly depends on ionic conditions (15, 16, 125, 126) . This dependency, if not bypassed, poses significant limitations on possible sequence-specific targeting of dsDNA by PNA under physiological conditions. Although the stringency of (PNA)2/DNA triplexes is not yet known, PNA should still target predominately homopurine-homopyrimidine regions, just as do regular TFOs.
BIOCHEMISTRY OF TRIPLEXES
Formation and Possible Functions of H-DNA In Vivo
As is true for other unusual DNA structures, such as erueiforms, Z-DNA, and quadruplexes, the biological role of H-DNA is yet to be established. Two important problems must be addressed: (a) Can H-DNA be formed in cells principle? (b) In which biological process if any is H-DNA involved? Recently it became clear that the answer to the first question is yes. There are currently many hypotheses on the role of H-DNA in DNA replication, transcription, and recombination, but more studies are needed to answer the second question. Sequences that can form H-DNA are widespread throughout the eukaryotic genomes (137, 138) but are uncommon among eubacteria. However, direct detection of H-DNA in eukaryotic cells is very difficult because of the complexity of genomic DNA. Therefore, most of the studies on the detection of H-DNA in vivo exploited Escherlchia coli cells bearing recombinant plasrnids with triplex-forming inserts as convenient model systems. Chemical probing of intracellular DNA proved helpful for the detection of H-DNA in vivo. Certain chemicals, such as osmium tetroxide, chloroacetaldehyde, and psoralen, give a characteristic pattern of H-or *H-DNA modification in vitro. Conveniently, they can also penetrate living cells. Thus, the general strategy for detecting H-DNA in vivo was to treat E. coli cells with those chemicals, isolate plasmid DNA, and locate modified DNA bases at a sequence level. The coincidence of modification patterns in vitro and in vivo basically proved the formation of the unusual structure in the cell.
Using this approach, the formation of both H-and *H-DNA was directly shown (139) (140) (141) . The corresponding studies were reviewed in Ref. 20 , but we briefly summarize the major findings. All these studies agreed that the level of DNA supercoiling in vivo is the major limiting factor in the formation of these structures. Though transient formation of H-DNA was observed in normal exponentially growing E. coli cells (141) , formation of H-DNA was much more pronounced when intracellular DNA supercoiling increased, due to muAnnual Reviews www.annualreviews.org/aronline tations in the gene for Topo I (141) or due to treatment of cells with chloramphenicol (139, 140) . Environmental conditions during E. coli growth also significantly contributed to the appearance of triplexes. H-DNA formation was greatly enhanced when cells were growing in mildly acidic media, which somewhat decreased intracellular pH (139, 141) while *H-DNA was observed in cells growing in media with a high concentration of Mg z÷ ions (140) . Neither result is surprising, because H-DNA is stabilized by protonation while *H-DNA is stabilized by bivalent cations. Besides the steady-state level of DNA supercoiling, determined by the balance of DNA gyrase and Topo I (reviewed in 142), the local level supercoiling strongly depends on transcription. During the process of polymerization the RNA polymerase creates domains of high negative and positive supercoiling upstream and downstream of it, respectively (143) , which may influence the formation of unusual DNA structures (144, 145) . Chemical probing of intracellular DNA demonstrated transcriptionally driven formation of *H-DNA within long d(G)nod(C)n stretches located upstream of a regulated promoter in an E. coli plasmid (146) . Remarkably, the formation of *H-DNA stimulated homologous recombination between direct repeats flanking the structure. Thus, this work shows the formation of *H-DNA under completely physiological conditions in a cell, and implicates it in the process of recombination.
The only data on triplex DNA detection in eukaryotic cells were obtained using antibodies against triple-helical DNA (147) . These antibodies were found to interact with eukaryotic chromosomes (148, 149) .
Many ideas have been proposed involving H-DNA in such basic genetic processes as replication and transcription. The hypothesis regarding H-DNA in replication is based on the observation that triplex structures prevent DNA synthesis in vitro. On supercoiled templates containing *H-DNA, DNA synthesis prematurely terminates. The location of the termination site is different for different isoforms of *H-DNA, but it always coincides with the triplex boundaries as defined by chemical probing (83) .
More peculiarly, H-like structures can be formed in the process of DNA polymerization and efficiently block it. Two such mechanisms were demonstrated experimentally ( Figure 6A,B) . It was found that d(GA)n or d(C-T)n inserts within single-stranded DNA templates cause partial termination of DNA polymerases at the center of the insert (21, 150) . It was suggested that when the newly synthesized DNA chain reaches the center of the homopolymer sequence, the remaining homopolymer stretch folds back, forming a stable triplex ( Figure 6A) . As a result, the DNA polymerase finds itself in a trap and is unable to continue elongation, In open circular DNA templates, H-like structures are absent due to the lack of DNA supercoiling. It was shown, however, that T7 DNA polymerase tcrAnnual Reviews www.annualreviews.org/aronline Figure 6 DNA polymerase--driven triplex formation blocks polymerization. Black boxes, the two halves of a homopurine-homopyrimidine mirror repeat involved in the formation of an intramolecular triplex; striated arrow, the newly synthesized DNA chain. A. Single-stranded DNA template. B. Double-stranded DNA template. minated exactly at the center of *H-forming sequences. This was observed when the pyrimidine-rich but not the purine-rich strand served as a template (22) . To explain this one must remember that DNA synthesis on doublestranded templates is possible due to the ability of many DNA polymerases to displace the nontemplate DNA strand (reviewed in 151). The displaced strand may fold back, promoting the formation of an intramolecular triplex downstream of the replication fork at an appropriate sequence. Conditions for DNA synthesis in vitro--i.e, neutral pH and high magnesium concentration--are optimal for the formation of YR*R triplexes. Thus, the displacement of the purine-rich (but not the pyrimidine-rich) strand provokes triplex formation which, in turn, leads to termination of DNA synthesis ( Figure 6B ).
There are only fragmentary data on the role of H motifs in the regulation of replication in vivo. Several homopudne-homopyrimidine inserts were shown to decrease the efficiency of Simian virus 40 (SV40) DNA replication (152, 153) . Quite recently, the pausing of the replication fork in vivo within a d(GA)n°d(TC)n insert in SV40 DNA was demonstrated directly using technique called two-dimensional neutral/neutral gel electrophoresis (23) . Though these data make the idea of H-DNA involvement in the regulation of replication promising, it is far from proven. Future studies are crucial for the evaluation of this hypothesis.
Numerous studies concerned the possible role of H-DNA in transcription. Deletion analysis of various promoters--including Drosophila hsp26 (154, 155) ; mouse c-Ki-ras (156) and TGF-1~3 (157); human EGFR (158), ets-2 (159), IR (160), c-rnyc (161, 162) ; and othersmshowed that homop urinehomopydmidine stretches are essential for promoter functioning.
These sequences serve as targets for nuclear proteins, presumably transcripAnnual Reviews www.annualreviews.org/aronline tional activators. Several homopurine-homopyrimidine DNA-binding proteins were described, including BPG1 (163), NSEP-1 (164), MAZ (165), nm23-H2 (166), PYBP (167), Pur-1 (168), etc. Peculiarly, these proteins often preferentially to just one strand of the H motifs. For example, a number of mammalian proteins specifically recognize homopurine-homopyrimidine sequences in the double-helical state as well as the corresponding homopyrimidine single strands (164, 167, 169, 170) . This unusual binding pattern may dramatically influence the equilibrium between different DNA conformations in the promoter in vivo. However, the importance of the H structure for transcription was questioned in several studies. One approach is to analyze the influence of point mutations within H motifs that destroy or restore H-forming potential on the promoter's activity. No such correlation was observed for Drosophila hsp26 (155) and mouse c-Ki-ras (171) promoters. The situation with the c-myc promoter is more complex, since it is unclear if the canonical I-I-DNA or some other structure is formed even in vitro (172) . Mutational analysis of the promoter gave contradictory results, with one group claiming the existence (173) and another the lack (174) of a correlation between structural potential and promoter strength. Another approach to detecting H-DNA in eukaryotic promoters is direct chemical probing followed by genomic sequencing. So far, this has only been done for the Drosophila hsp26 gene, and H-DNA was not observed (155) .
It is hard to completely rule out the role of H-DNA in transcription based on the above results. First, it is quite possible that the structural peculiarities of promoter DNA segments may affect the interaction between promoter DNA and specific regulator proteins. The features of homopurine-homopyrimidine DNA-binding proteins described above as well as a report about the partial purification of a triplex-binding protein (175) indirectly support this idea. study in which the influence of d(G) n stretches of varying length on the activity of a downstream minimal promoter was analyzed additionally supports this hypothesis (176) . A clear reverse correlation between the ability of a stretch to form the *H configuration in vitro and its ability to activate transcription in vivo was observed. It was concluded, therefore, that short d(G)n stretches serve as binding sites for a transcriptional activator, while longer stretches adopt a triplex configuration, which prevents activator binding. Secondly, negative data on the role of H-DNA in transcription were obtained in transient assays, while it can actually work at a chromosome level. Indeed, H motif in the Drosophila hsp26 gene was found to affect the chromatin structure (177, 178) .
Despite the wealth of data and hypotheses, there is no direct evidence that the structural features of H motifs are involved in transcriptional regulation in vivo, and further studies are required to address this issue.
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Targeting Basic Genetic Processes Using TFOs
Highly sequence-specific recognition of double-helical DNAs by TFOs is the basis of an antigene strategy (reviewed in 13). The idea is that binding of TFO to a target gene could prevent its normal functioning. Most studies of this strategy concerned the inhibition of transcription; the studies were inspired in part by the existence of functionally important homopurine-homopyrimidine stretches in many eukaryotic promoters (see the previous section), which are appropriate targets for TFOs. The antigene strategy could potentially lead to rational drug design. Very convincing data on the inhibitory effects of TFOs were obtained in various in vitro systems. There are also preliminary indications that TFOs may function in vivo as well.
The first stage that is a~'fected by TFOs is the formation of an active promoter complex. Pioneering results were obtained for the human c-myc promoter, where it was found that the binding of a purine-rich TFO to the imperfect homopurine-homopyrimidine sequence 125 basepairs (bp) upstream of the promoter start site blocks its transcription in vitro (179) . The TFO's target important for c-myc transcription, serving as a binding site for a protein(s), presumably a transcriptional activator (161, 162) . At least two candidate genes coding for proteins that bind to this target have been cloned and sequenced (164, 166) . Similar observations were made for the methallothionein gene promoter. In this case a homopyrimidine oligonucleotide formed a triplex with the upstream portion of the promoter, preventing the binding of the transcriptional activator Sp1 (111). This in turn drastically reduced the promoter's activity in a cell-free transcription system (179a). TFOs were also shown prevent SPI binding to the human DHFR (180) and H-ras (181) promoters. Finally, a triplex-forming oligonucleotide-intercalator conjugate was shown to act as a transcriptional repressor of the interleukin-2 receptor c~ gene in vitro (182) , preventing the binding of the transcriptional activator NFvA3. In all these cases TFOs efficiently blocked the access of the transcription factors to their binding sites.
TFOs also inhibit initiation of transcription by RNA polymerases. The pBR322 bla-gene contains a 13-bp homopurine-homopyrimidine target just downstream of the transcriptional start site. A 13-mer homopyrimidine oligonucleotide forming an intermolecular triplex with this target hindered initiation of transcription by E. coli RNA polymerase in vitro (183) . Independent studies showed that this is also the case for T7 RNA polymerase (184) .
Finally, eukaryotic RNA polymerase II transcription was followed in vitro from the adenovirus major late promoter (185) . The transcribed portion DNA contained a 15-bp homopurine-homopyrimidine tract that formed an intermolecular triplex with the homopyrimidine TFO. When added prior to RNA polymerase, the TFO truncated a significant portion of the transcripts. Annual Reviews www.annualreviews.org/aronline Thus, TFOs can block transcription at different stages: promoter complex formation, initiation, and elongation, This appears to be true for both pro-and eukaryotic RNA polymerases. TFOs can be considered to be artificial repressors of transcription (186) .
There is a growing number of indications that TFOs may act as repressors of transcription in cell cultures as well. The most convincing results so far were obtained for the interleukin-2 receptor ct promoter (182, 187) . Homopyrimidine TFOs were designed to overlap a target site and prevent binding of the transcriptional activator NFrd3. They were conjugated with acridine to stabilize the triplexes, or psoralen to make triplex formation irreversible after UV irradiation. The plasmid bearing the reporter gene under the control of the IL-2R~x promoter was cotransfected with these TFOs in tissue cultures, where it was shown that TFOs block promoter activity in vivo. Particularly strong inhibition was observed after UV irradiation of cells transfected with psoralen conjugates. In the latter case, chemical probing directly demonstrated the formation of intermolecular triplex in vivo. A similar cotransfection approach was also used to target Interferon Responsive Elements in vivo (188) .
A different approach was used in several studies where purine-rich TFOs were added to the growth media of cells containing target genes. To prevent oligonucleotides from degrading, their 3' ends were protected by an amino group (189) . Such oligonucleotides accumulated within cells and could recovered in intact form. Partial transcriptional inhibition of human c-tnyc and IL2R~x genes by such TFOs has been reported (189, 190) . Similar effects were observed for human immunodeficiency virus (HIV) transcriptional inhibition in chronically infected cell lines (191) . Using cholesterol-substituted TFOs, the progesterone-responsive gene has also been inhibited (192) . Though the inhibitory effect was never more than 50%, it is quite remarkable considering that a short oligonucleotide must find its target in an entire genome and prevent its proper interaction with cellular transcriptional machinery. Note, however, that in none of those cases was the formation of triplexes directly demonstrated. Other mechanisms of oligonucleotide-caused transcriptional inhibition must be ruled out in the future.
The use of TFOs for DNA replication inhibition is less studied. In vitro formation of putative intramolecular triplexes or H-like triplexes (see Figure  1 ) on single-stranded DNA templates traps many different DNA polymerases (22, 193) . Purine-rich TFOs are particularly efficient even against such processive enzymes as T7 DNA polymerase and thermophilic Taq and Vent polymerases, because the conditions of DNA synthesis in vitro are favorable for YR*R triplexes. Pyrimidine-rich TFOs must be additionally crosslinked to the target to cause inhibition (194) . TFOs also block DNA polymerases double-stranded templates (195) . The inhibition of DNA synthesis in vitro was observed not only when triplexes blocked the path of DNA polymerase, but Annual Reviews www.annualreviews.org/aronline also when a polymerization primer was involved in triplex formation (193) . Single-stranded DNA-binding protein (SSB protein) helped DNA polymerases partially overcome the triplex barrier, but with an efficiency dramatically dependent on the triplex configuration.
Though these observations make TFOs promising candidates for trapping DNA replication in vivo, there are almost no experimental data regarding this. The only published data concern the use of an octathymidilate-acddine conjugate, which binds to a d(A)8 stretch in SV40 DNA adjacent to the T antigen-binding site. In vivo it partially inhibits SV40 DNA replication, presumably by interfering with the DNA binding or with unwinding activities of the T antigen (196) .
The major problem with the use of TFOs is in matching high sequence selectivity with binding that is sufficiently strong to interfere with genetic processes. Under physiological conditions, TFOs bind weakly to their targets, which by itself favors a high sequence selectivity. However, to significantly affect genetic processes, the TFO must be rather long, which limits the number of potential targets, as such long homopudne-homopyrimidine stretches are infrequent.
Three-Stranded DNA Complexes in Homologous Recombination
In this section we briefly discuss a still poorly understood three-stranded DNA complex, formed by RecA protein and, possibly, recombinant proteins from other sources. RecA protein is well known to exhibit many enzymatic activities essential for recombination (reviewed in 18, 197) . The main function of RecA protein in recombination is to exchange single-stranded DNA (ssDNA) strand with its homolog in dsDNA. The sequential stages of this reaction are: (a) cooperative assembly of RecA protein molecules on the ssDNA, leading to the formation of a right-helical nucleoprotein filament called the presynaptic complex, (b) synapsis, i.e. the formation of a complex between this filament and the homologous dsDNA, and (c) the actual strand exchange, which requires ATP hydrolysis. Strand exchange proceeds in only one direction: The displacement of a linear single-stranded product starts from its 5" end.
The synapsis step requires searching for homology between the presynaptic filament and the target dsDNA. One way to do so is to use Watson-Crick complementarity rules. However, this requires a partial strand separation of the dsDNA, resulting in the formation of a so-called D-loop. In this structure, one of the DNA strands of the duplex is displaced, while the other is involved in Watson-Crick pairing with incoming ssDNA. An alternative, very attractive possibility, first postulated in Refs. 17 and 198, does not require dsDNA strand separation and invokes triplex formation. This hypothetical type of DNA triplex was later called "recombination," "parallel," or R-DNA (19, Annual Reviews www.annualreviews.org/aronline 199, 200) . These names emphasize two fundamental differences between this hypothetical triplex and the well-characterized orthodox DNA triplexes described in other sections of this chapter. First, chemically homologous DNA strands are parallel in R-DNA but antiparallel in standard triplexes. Secondly, any sequence can adopt an R-DNA conformation, while homopurine-homopyrimidine stretches are strongly preferable in adopting standard triplex structure.
In important experiments on strand exchange between the partially homologous substrates (201, 202) , three types of joint molecules were observed. the case of proximal joints, the area of homology is situated at the 5' end of the outgoing duplex strand, i.e. both synapsis and strand exchange are possible. For a distal joint (with homology at the 3' end of the outgoing strand), RecA cannot drive strand exchange. Medial joints contain heterologous regions at both ends of the dsDNA, making strand exchange from any DNA end impossible. Since synaptic complexes were detected in all three cases, it became clear that synapsis and strand exchange are not necessarily coupled. When synaptic complexesmin particular the medial complexesmwere treated with DNA crosslinking agents, crosslinks were observed between all three DNA strands involved in the complex (203) , indicating a close physical proximity of the three strands.
Analysis of distal joints with very short (38-56-bp) regions of homology showed that they are remarkably stable upon the removal of RecA protein (199) . In fact, joint molecules dissociated at temperatures indistinguishable from the melting temperatures of DNA duplexes of the same length and sequence. In spite of its stability, however, the complex did not form spontaneously without recombination proteins. The conclusion was that RecA and related proteins promote the formation of a novel "recombinant" DNA triplex, which otherwise cannot form, presumably due to a kinetic barrier of unknown nature. Independent studies confirmed the extreme stability of deproteinized distal joints with longer regions of homology (204) . The basepairing scheme for R-DNA involving triplets for arbitrary DNA sequences was suggested in Refs. 19 and 205. The unique feature of these triplets is the interaction of the third strand with both bases of the Watson-Crick pair.
Although the above data seem to be most consistent with the idea of a "recombination" triplex formation, a careful analysis of three-stranded complexes formed under RecA protein (206) using chemical probing indicates that basepairing in the parental duplex is disrupted. The incoming ssDNA appears to form W-C pairs with the complementary strand of the duplex. It was concluded that the synapsis is accompanied by local unwinding, leading to the formation of D-loop-like structures, rather than the "recombination" triplexes (206) . This conclusion was supported by the data that the N7 position guanines, which is involved in Hoogsteen hydrogen bonding in all known Annual Reviews www.annualreviews.org/aronline triplexes in vitro (see Figure 2) , is not required for the formation of threestranded complexes by RecA protein (207) .
Thus, the putative triplex between the incoming single strand and the duplex systematically avoids detection. Nevertheless, a more general question remains whether the "recombination" triplexes can be formed in principle, even if they do not play any role in recombination. This kind of triplex has recently been claimed for a postsynaptic complex formed between the outgoing single strand and the duplex yielded as a result of the strand exchange (208) .
Quite recently it was suggested that a specifically designed oligonucleotide could fold back to form an intramolecular R-like structure without the assistance of any proteins (209) . The main argument is that the thermal denaturation curves are biphasic, which was interpreted as subsequent triplex-to-duplex and duplex-to-single strand transitions. This is hardly a sufficient argument, and data on the chemical and enzymatic probing of such complexes provided in the same study do not support the claim.
In the absence of conclusive evidence, the existence of "recombination" triplexes, or R-DNA, remains doubtful. One of the most uncomfortable questions is the extreme thermal stability of deproteinized distal joints described in Refs. 199 and 204. None of the proposed models can satisfactorily explain this feature. It is totally unclear what is the nature of the kinetic barrier that prevents the formation of R-DNA by dsDNA and homologous oligonucleotide without any protein. It is also unclear why the medial joints, unlike the distal joints, are unstable upon deproteinization (203, 210) . Additional concern possible exonuclease contamination of the RecA protein and SSB protein preparations used for strand transfer reaction. At least in one case, such contamination was admitted to be responsible for the formation of distal junctions (211) . In both original papers (199, 204) , the authors claimed the lack nuclease contamination. As shown in (211), however, exonuclease I (ExoI) enormously activated by SSB protein. As a result, the levels of Exo I required to generate the reverse strand exchange are extremely low (1 molecule of Exo I per 20,000 molecules of RecA protein). In the light of these new findings, it seems possible that distal joints, which were as stable as duplex DNA, might actually be duplexes formed after SSB-activated trace contamination of Exo I digested the nonhomologous strand from its 3' end.
Even in the absence of a clear understanding of the structure of threestranded joints promoted by RecA protein, they have already found interesting applications in gene targeting. The first example is called RARE, for RecAAssisted Restriction Endonuclease cleavage (210) . The rationale for this approach is that since RecA protein can form three-stranded complexes between dsDNA and oligonucleotides as short as 15 nucleotides (212), such complexes can be used to block specific methylation sites in dsDNA. After the removal of proteins and consequent dissociation of the three-stranded complexes, cleavAnnual Reviews www.annualreviews.org/aronline age by methylase-sensitive restriction endonuclease is limited to the targeted site. Thus, one can cleave large DNAs at a unique site or, using pairs of oligonucleotides, separate specific DNA fragments from the genome.
